Despite the reduction in late thrombotic events with newer-generation drug-eluting stents (DES), late stent failure remains a concern following stent placement. In-stent neoatherosclerosis has emerged as an important contributing factor to late vascular complications including very late stent thrombosis and late in-stent restenosis. Histologically, neoatherosclerosis is characterized by accumulation of lipid-laden foamy macrophages within the neointima with or without necrotic core formation and/or calcification. The development of neoatherosclerosis may occur in months to years following stent placement, whereas atherosclerosis in native coronary arteries develops over decades. Pathologic and clinical imaging studies have demonstrated that neoatherosclerosis occurs more frequently and at an earlier time point in DES when compared with bare metal stents, and increases with time in both types of implant. Early development of neoatherosclerosis has been identified not only in firstgeneration DES but also in second-generation DES. The mechanisms underlying the rapid development of neoatherosclerosis remain unknown; however, either absence or abnormal endothelial functional integrity following stent implantation may contribute to this process. In-stent plaque rupture likely accounts for most thrombotic events associated with neoatherosclerosis, while it may also be a substrate of in-stent restenosis as thrombosis may occur either symptomatically or asymptomatically. Intravascular optical coherence tomography is capable of detecting neoatherosclerosis; however, the shortcomings of this modality must be recognized. Future studies should assess the impact of iterations in stent technology and risk factor modification on disease progression. Similarly, refinements in imaging techniques are also warranted that will permit more reliable detection of neoatherosclerosis.
Introduction
Coronary artery disease (CAD) remains the leading cause of death worldwide, contributing to over 7.2 million deaths annually. 1, 2 The introduction of percutaneous coronary intervention (PCI) revolutionized the treatment of patients with obstructive CAD including those presenting with acute myocardial infarction. 3, 4 In addition, the development of drug-eluting stents (DES) successfully targeted the problem of neointimal overgrowth within the stented segment. 5 However, this success came at the cost of a substantial delay in vascular healing due to the potent effects of the released anti-proliferative drugs. 6 Observational studies have shown a steady increase in the cumulative incidence of late and very late stent thrombosis (LST/VLST) following first-generation DES placement. 7 -11 However, the evolution of DES technology, particularly the introduction of second-generation DES, has improved patient outcomes by decreasing the risk of late thrombotic events while maintaining anti-restenotic efficacy. 8, 12 Nevertheless, late stent failure remains a concern even with the use of contemporary DES since clinical trials have shown an increase in the cumulative incidence of target lesion revascularization with time in all generations of DES. 13 -16 While delayed arterial healing characterized by poor strut coverage has been identified as the major pathologic substrate responsible for LST/VLST following first-generation DES placement, 6, 17 several other factors are associated with late DES failure, which include hypersensitivity reaction, malapposition with excessive fibrin deposition, stent fracture, and in-stent neoatherosclerosis. 18 -20 Early pathological studies showed that the incidence of neoatherosclerosis increased with time and develops earlier and more frequently in first-generation DES when compared with bare metal stents (BMS). 20, 21 Our recent human autopsy study confirmed prior randomized and non-randomized clinical trials showing secondgeneration cobalt-chromium everolimus-eluting stents (CoCr-EES) have a substantially lower prevalence of LST/VLST, with a striking reduction in uncovered struts, less inflammation and fibrin deposition, and a lower prevalence of overall stent fracture when compared with the first-generation DES. 22 Nevertheless, the observed frequency of neoatherosclerosis did not differ significantly between CoCr-EES and first-generation DES. 22 Therefore, the prevalence of neoatherosclerosis remains to be determined with contemporary DES devices. Moreover, its early detection with intravascular imaging modalities in the clinical setting might facilitate targeted therapy to alter its natural history and prevent complications including VLST and late in-stent restenosis.
The current review provides an overview of the histopathology of neoatherosclerosis within BMS and DES and summarizes the observations from pathologic and clinical imaging studies with respect to the prevalence and characteristics of neoatherosclerosis. In addition, the benefits and limitations of contemporary intravascular imaging modalities along with potential strategies to treat and prevent neoatherosclerosis are discussed.
Morphological characteristics of in-stent neoatherosclerosis
In-stent neoatherosclerosis is histologically characterized by an accumulation of lipid-laden foamy macrophages with or without necrotic core formation and/or calcification within the neointima. 20 There is no communication between the lesion within the neointima and the underlying native atherosclerosis. The earliest feature of neoatherosclerosis is foamy macrophage clusters, which is frequently seen either in the peri-strut area ( Figure 1A ) or close to the luminal surface ( Figure 1B) . The accumulation of foamy macrophages may progress to form fibroatheroma, and these may be observed on the luminal surface ( Figure 1C ) or within the deeper neointimal layers ( Figure 1D-F) . The necrotic core generally contains discrete collections of acellular debris with substantial amount of free cholesterol and near complete depletion of extracellular matrix. Occasionally, the necrotic core of neoatherosclerotic plaque shows extensive haemorrhage with fibrin deposition ( Figure 1G and H ), which likely originated from the luminal surface through fissure or rupture, although it may also occur from leaky vasa vasorum that originate from the adventitia. Moreover, further infiltration of foamy macrophages within the neointima results in the thinning of the fibrous cap to form thin-cap fibroatheroma (TCFA) ( Figure 1I and J ), which may lead to in-stent plaque rupture.
Calcification can also be seen within the neointima especially in implants with relatively long duration of follow-up. Morphological characteristics vary widely from microcalcification ( Figure 1D ) to fragmented or sheet calcification ( Figure 1H and K ). The process of calcification is complex; however, it is conceivable that microcalcification can be attributed to apoptosis of foamy macrophages or smooth muscle cells similar to that observed in native disease, whereas fragmented or sheets of calcification are likely derived from calcification of the collagen, extracellular matrix, and smooth muscle cells. 23 What is unique in neoatherosclerosis of DES is calcification of fibrin. In particular, in our experience, calcification of fibrin is frequently observed in paclitaxel-eluting stents (PES; TAXUS Express or TAXUS Liberté, Boston Scientific, Natick, MA, USA) ( Figure 1L ).
Potential mechanisms of accelerated neoatherosclerosis
While atherosclerosis in native coronary arteries develops over decades, in-stent neoatherosclerosis seems to occur in months to years following stent placement and rapidly and more frequently in DES when compared with BMS. 20, 22 The mechanisms responsible for the accelerated atherosclerosis in stented segments, particularly in DES, remain unknown to date; however, it is speculated that incompetent and dysfunctional endothelial coverage of the stented segment contributes to this process. Stent implantation causes vascular injury with endothelial denudation. Incomplete maturation of the regenerated endothelium, which is characterized by poor cell-to-cell junctions, reduced expression of anti-thrombotic molecules, and decreased nitric oxide production, are more frequently observed in DES when compared with BMS; this is likely associated with the anti-proliferative effects of the eluted drugs. 24 -27 Poorly formed cell junctions underlie impaired barrier function of the endothelium, which allows greater amount of lipoproteins to enter the sub-endothelial space, leading to the development of neoatherosclerosis ( Figure 2A ). In support of this, in rabbit iliac arteries, the expression of platelet endothelial cell adhesion molecule-1 (PECAM-1), a transmembrane protein, was greater in CoCr-EES when compared with sirolimus-eluting stent (SES; Cypher, Cordis Corp., Miami Lakes, FL, USA), PES, and endeavor zotarolimuseluting stents (E-ZES; Medtronic, Santa Rosa, CA, USA) at 14 days following stent implantation; however, all DES showed decreased expression of PECAM-1 and anti-thrombotic co-factor thrombomodulin when compared with BMS. 24 Accelerated neoatherosclerosis after DES is likely a direct consequence of delayed vascular healing, although a continuous correlation of its magnitude with the degree of delayed vascular healing cannot be concluded to date. This may account for the comparable prevalence of neoatherosclerosis between CoCr-EES and first-generation DES: although healing seems improved with CoCr-EES, endothelial maturation may be still insufficient in CoCr-EES when compared with BMS. 24 Also, BMS develop atherosclerosis earlier than do native arteries, suggesting that mechanisms other than the involvement of antiproliferative drug may be associated with incompetent endothelium within the stented segment. Stent placement causes local blood flow disturbances associated with complex spatiotemporal changes in shear stress. It is likely that blood flow disturbances following stent implantation contribute to activation of regenerating endothelial cells to promote the expression of ICAM-1 and VCAM-1 especially in peri-strut locations, which allows monocytes to adhere and migrate into the subendothelial space where they convert into macrophage-derived foam cells. 26, 28, 29 Early thrombus formation after stent implantation is a result of vascular injury, with fibrin and platelet deposition being an integral component of vascular healing. While thrombus generally resolves over time, there is persistence of fibrin in the peri-strut regions due to continued drug release and turbulent flow arising from non-streamlined stent struts. Drug-eluting stent polymer coatings may also promote chronic inflammation characterized by infiltration of macrophages, lymphocyte, and giant cells, 30 which may contribute to the development of neoatherosclerosis. In addition, human autopsy analysis revealed that restenotic DES show greater proteoglycan deposition when compared with restenotic BMS, which may be a potential enhancer of neoatherosclerosis in DES, since extracellular matrix components such as proteoglycan are known to be associated with retention of lipoprotein. 31, 32 Moreover, persistent apoptosis of macrophages and smooth muscle cells within the stented lesions further promote the development of necrotic core. 33, 34 Pathologic intimal thickening with lipid pool is a hall mark of native atherosclerosis and plaque progression, whereas in neoatherosclerosis necrotic core formation is mostly driven by macrophage apoptosis in the absence of lipid pool ( Figure 2B ), which eventually leads to in-stent plaque rupture ( Figure 2C ). We have previously reported the presence of unstable underlying lesion morphology to be a significant risk factor for the formation of neoatherosclerosis following implantation of BMS and DES. 20 We hypothesize that DES implanted in unstable lesions may be prone to greater delay in vascular healing when compared with those implanted in stable lesions. 35 In unstable lesions, stent struts are embedded in the necrotic core, which is an avascular structure, where the effect of drug likely persists for a long period of time that potentially causes dysfunctional and/or incompetent endothelium, leading to the development of neoatherosclerosis. Also, it is possible that endothelial recovery is delayed owing to the absence of enough viable tissue required for arterial repair. We believe that the migration of underlying plaque into the neointima is an extremely unusual phenomenon in our cases as we carefully excluded lesions with direct communication between underlying atherosclerotic plaque and overlying neointima.
There remains a question whether neoatherosclerosis can be caused by plaque migration from the adjoining proximal and distal non-stented (stent edge) arterial segments. To determine the relationship of plaque progression from the adjacent non-stented arterial segments, we evaluated a total of 15 cases of in-stent plaque Histopathologic overview of neoatherosclerosis rupture and/or in-stent TCFA with respect to their precise plaque location along the longitudinal axis from proximal or distal stent edges. The neoatherosclerotic lesions consisted of five TCFA in BMS, five ruptured plaques in BMS, two TCFA in DES, and three ruptured plaques in DES. Histologic sections were taken at 2 -3 mm intervals to cover proximal non-stented, in-stent, and distal non-stented segments, to assess the presence or absence of plaque continuation from the non-stented to the stented arterial segments. Of these 15 cases, three showed presence of fibroatheroma (one proximal and two distal) in the adjacent arterial segments, and one had a TCFA in the distal stent edge, while the remaining 11 lesions did not show any plaques with necrotic core. Of these four lesions with necrotic core in the stent edges, three appeared to be in continuity with the in-stent neoatherosclerotic plaque (20%). Observational intravascular ultrasound studies suggest plaque rupture occurs more frequently within the proximal and distal non-stented edge arterial segments resulting in complete or incomplete thrombotic occlusion of the stented artery. 36, 37 While these early clinical observations suggest flow disturbances in the transition regions of stented to native coronary artery, histopathological evaluation clearly shows that the majority of neoatherosclerotic plaques originate within the stented arterial segment and only infrequently are an extension from proximal or distal non-stented arterial segments. Since plaque rupture is more likely to occur from superficial necrotic core, we sought to determine the location of the necrotic core in relationship to the thickness of neointimal growth. In our preliminary pathologic investigation involving a total of 23 neoatherosclerotic lesions with fibroatheroma (6 BMS and 17 DES), superficial necrotic core (defined as within 200 mm from the luminal surface) was more frequently observed (17 lesions [4 BMS and 13 DES], 74%) when compared with deeper necrotic core (.200 mm) (6 lesions [2 BMS and 4 DES], 26%). It can therefore be concluded that the majority of fibroatheroma with necrotic core are located superficially. This may be related to suppression of smooth muscle cell proliferation within a thin neointimal layer in DES where foamy macrophages remain superficial and undergo apoptosis leading to necrotic core formation, which has been defined as 'graveyard of dead macrophages' by Ira Tabas. 
Prevalence of neoatherosclerosis in human autopsy analyses
A previous autopsy study conducted by our research group has demonstrated that the overall prevalence of neoatherosclerosis was significantly greater in lesions with first-generation DES (31%) when compared with BMS (16%), despite a longer duration of implant in the latter ( Figure 3A) . 20 In terms of the morphology of observed neoatherosclerosis, early features of neoatherosclerosis, i.e. foamy macrophage clusters, were seen more frequently in firstgeneration DES when compared with BMS (15 vs. 3%). In contrast, the prevalence of fibroatheroma and TCFA or in-stent plaque rupture was not significantly different between first-generation DES and BMS, despite substantial difference in duration of implant between the groups ( Figure 3A) . Importantly, the earliest time point at which foamy macrophage accumulation was observed was 70 days following PES and 120 days following SES implantation vs. at 900 days for BMS. Similarly, fibroatheroma with necrotic core formation was identified as early as 270 days after PES, 360 days after SES, and 900 days after BMS. Moreover, unstable features of neoatherosclerosis-i.e. TCFA and in-stent plaque rupture-were identified within 2 years following first-generation DES and 5 years following BMS placement. 20 The prevalence of neoatherosclerosis in second-generation CoCr-EES (XIENCE V, Abbott Vascular, Santa Clara, CA, USA; or PROMUS, Boston Scientific) was recently reported by our group. We found no significant difference in the overall frequency of neoatherosclerosis between CoCr-EES and first-generation SES and PES with duration of implant .30 days and ≤3 years (CoCr-EES ¼ 29%, SES ¼ 35%, PES ¼ 19%) ( Figure 3B) . 22 There was also no significant difference in the prevalence of neoatherosclerosis between the groups when divided into consecutive stages of plaque progression, although a dominant morphology in CoCr-EES and PES was foamy macrophage clusters (CoCr-EES ¼ 67% [8 of 12] ; PES ¼ 87% [13 of 15] ), which seemed to be less frequent in SES (32% [8 of 25] ) ( Figure 3B ). The earliest duration of implant showing neoatherosclerosis in CoCr-EES was 270 days which was longer than SES and PES, and no unstable features of neoatherosclerosis were observed in CoCr-EES in this study population. The prevalence of neoatherosclerosis in E-ZES, Resolute-ZES (R-ZES; Medtronic), platinum-chromium EES (PtCr-EES; PROMUS Element, Boston Scientific), and biodegradable polymer-coated 
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DES remains unclear because of limited availability of autopsy cases with these stents. Nevertheless, we have seen the development of neoatherosclerosis in R-ZES ( Figure 4) . The prevalence of neoatherosclerosis was further evaluated according to the duration of implant using all available material with duration of implant .30 days (mean + SD ¼ 913 + 989 days) from our autopsy stent registry. A total of 384 cases (mean age ¼ 61 + 13 years, 287 male) with 614 stented lesions in native coronary arteries, consisting of 266 lesions with BMS, 285 with firstgeneration DES (143 SES and 142 PES), and 63 with secondgeneration DES (7 E-ZES, 3 R-ZES, and 53 CoCr-EES) were histologically analysed ( Figure 5A) . 39 For duration of implant ≤1 year (n ¼ 217 lesions), the prevalence of neoatherosclerosis was similar for the first-generation DES (13%) and second-generation DES (17%) but greater than BMS (0%). Similarly, for duration of implant .1 and ≤3 years (n ¼ 218 lesions), neoatherosclerosis was similar for the first-generation DES (51%) and secondgeneration DES (48%) but greater than BMS (6%). For duration of implant .3 years (n ¼ 179 lesions, no second-generation DES was available), the prevalence of neoatherosclerosis remained greater for the first-generation DES (65%) when compared with BMS (38%) ( Figure 5A ). Thus, our autopsy analysis showed that firstand second-generation DES exhibit comparable prevalence of any neoatherosclerosis at least up to 3 years.
Neoatherosclerosis and late stent failure
In clinical practice, late stent failure-including LST/VLST and late in-stent restenosis-has emerged as an important issue following both BMS and DES implantation. 11, 13, 40, 41 We sought to investigate whether neoatherosclerosis was associated with late stent failure. From our autopsy stent registry including all available 614 stented lesions in native coronary arteries, VLST from neoatherosclerosis (i.e. in-stent plaque rupture) was observed in 10 lesions (1.6%) ( Figure 6 ). . Although the majority of neoatherosclerosis observed in our registry was classified as an incidental finding, the prevalence of VLST from in-stent plaque rupture increased with time in both BMS and first-generation DES ( Figure 5B) . Notably, the timing of VLST from in-stent plaque rupture was substantially earlier in first-generation DES when compared with BMS ( Figure 6E ). Of the 10 in-stent plaque ruptures, only four (three in BMS and one in first-generation DES) had in-stent restenosis ( Figure 6E ), highlighting that in-stent plaque rupture can occur from lesions with non-significant luminal narrowing, especially in DES. The overall frequency of VLST (.1 year) due to any reason was 3.0% in BMS (6 of 202), 19% in first-generation DES (33 of 174), and none in second-generation DES (0 of 21). In-stent plaque rupture accounts for 83% of VLST in BMS (5 of 6) and 15% of VLST in first-generation DES (5 of 33) in our autopsy stent registry. When we focused on stents with duration of implant beyond 3 years, all VLST in BMS (5 of 5) and 33% of VLST in first-generation DES (4 of 12) were attributed to in-stent plaque rupture ( Figure 5B) . The other cause of VLST (.1 year) in BMS was rupture of underlying vulnerable plaque at the proximal stent edge, whereas for first-generation DES, other aetiologies of VLST were uncovered struts associated with various conditions (penetration of stent struts into the necrotic core, overlapping stents, malapposition from excessive fibrin deposition, etc.) and hypersensitivity reaction, and least common cause was neointimal erosion.
Neointimal erosion is a relatively rare cause of VLST and is not necessarily associated with neoatherosclerosis ( Figure 7) . Although we have seen a case with VLST from neointimal erosion with underlying neoatherosclerosis ( Figure 7A) , it can occur without foamy macrophage accumulation or necrotic core formation, either in lesions with or without in-stent restenosis ( Figure 7B and C ). The contribution of neoatherosclerosis to the development of neointimal erosion remains unknown.
In-stent restenosis with underlying neoatherosclerosis was identified in 32 of 614 lesions (5.2%), and was most frequent in BMS (6.8% [18 of 266 lesions]) followed by first-generation DES (4.2% [12 of 285]), and was the least frequent in second-generation DES (3.2% [2 of 63]), while there was a substantial difference in duration of implant among the groups. In BMS, restenosis with neoatherosclerosis was exclusively observed beyond 3 years with a prevalence of 15.4% ( Figure 5A ), accounting for 38% of late restenosis in BMS beyond 3 years (18 of 48 lesions) ( Figure 5C ). On the other hand, restenosis with neoatherosclerosis in first-generation DES was observed at earlier time points and also increased with time ( Figure 5A ) similar to BMS. (11.3% ≤3 years, vs. 78% .3 years) ( Figure 5C ). For second-generation DES, restenosis with neoatherosclerosis was seen within 1 year but was not observed between 1 and 3 years ( Figure 5A) ; nevertheless, further assessment with larger number of lesions with longer duration are needed.
While findings from our autopsy registry shows an association between neoatherosclerosis and in-stent restenosis ( Figure 5A and C ) , a causative role of neoatherosclerosis per se in late restenosis formation cannot be established, since neoatherosclerosis may also occur late following development of restenosis within the neointimal hyperplasia. Nevertheless, accumulation of lipid and foamy macrophages are likely associated with increase in plaque burden, and it is likely that neoatherosclerosis contributes, at least partly, to the development of in-stent restenosis, especially in DES. Reminiscent of Glagov's phenomenon describing expansive remodelling during the early phase of progression of atherosclerotic plaques, 42 metallic stents constitute permanent scaffolds, which prohibit expansile remodelling and physiologic vasomotion. Therefore, incremental plaque growth will result in greater loss in lumen area, which upon exceeding a critical limit is likely to result in symptomatic or asymptomatic disease. As rapid progression of luminal narrowing in native coronary atherosclerosis is a hallmark of healed plaque rupture, 43 the same phenomenon may occur within neoatherosclerotic 
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plaques in the stented segment. When VLST from in-stent plaque rupture may not manifest as acute coronary syndrome or sudden coronary death, in time the overlying thrombus will heal with inflammation, smooth muscle cell infiltration, and deposition of proteoglycans and collagen matrix, resulting in luminal narrowing and the development of in-stent restenosis. This process can also lead to occlusion, i.e. chronic total occlusion, although chronic total occlusion within the stents consists of organized thrombus and is not always derived from in-stent plaque rupture or restenosis.
Intravascular imaging of neoatherosclerosis
The prevalence and characteristics of in-stent neoatherosclerosis in living patients have been investigated by data acquired from intravascular imaging modalities, including angioscopy, intravascular ultrasound (IVUS), near-infrared spectroscopy, and optical coherence tomography (OCT) or optical frequency domain imaging (OFDI). Serial angioscopic studies have demonstrated that BMS show increase in yellow plaques from 4% at the first follow-up (6-12 months) to 58% at the second follow-up (4 years), 44 whereas in SES, 96% of the lesions (55 of 57) showed yellow plaques at 10 months, of which 17 lesions (30%) had white neointima at baseline and turned into yellow plaques within 10 months. 45 A virtual histology IVUS assessment of restenotic neointimal tissue in BMS (n ¼ 47, mean ¼ 43.5 months) and DES (n ¼ 70, mean ¼ 11.1 months) revealed that duration of implant correlated positively with percent necrotic core (r ¼ 0.35) and percent dense calcium (r ¼ 0.57), providing further evidence that the prevalence of neoatherosclerosis increases with time both in BMS and DES. 46 However, findings from IVUS-based tissue characterization should be interpreted with caution because the technology lacks sufficient resolution (spatial resolution ¼ 150 -250 mm) to enable reliable determination of plaque composition. Optical coherence tomography or optical frequency domain imaging has superior axial resolution (10 -20 mm) enabling better characterization of neointimal tissue within stents. Takano et al. evaluated neointimal characteristics following BMS placement by OCT at early (,6 months) and late (≥5 years) phases; lipid-laden neointima was exclusively observed at late phase: in 67% (14 of 21) patients, of whom 12 patients (86%) had in-stent restenosis. Habara et al. 48 compared neointimal characteristics between early (≤1 year) and late restenosis within BMS (.5 years, no restenosis ≤1 year) by OCT, and showed that heterogeneous-appearance of neointima was more frequent in late restenosis (61%) when compared with early restenosis (6% months, DES ¼ 59%) with mean neointimal thickness .100 mm and reported OCT-detected neoatherosclerosis (lipid-laden neointima and/or calcification within the neointima) in 84 lesions (47%). Multivariate analysis demonstrated that longer duration of implant (≥48 months), DES usage, current smoking, chronic kidney disease, and an absence of angiotensin-converting enzyme inhibitors or angiotensin II receptor blockade usage were independent determinants of OCT-detected neoatherosclerosis. It is noteworthy that the prevalence of neoatherosclerosis in clinical OCT studies 47, 49 appears to be greater than that observed in our autopsy stent registry (Figures 3 and 5) . For instance, the prevalence of neoatherosclerosis in first-generation DES with restenosis beyond 3 years was 78% (7 of 9 lesions) at autopsy, where TCFA was identified in only 11% (1 of 9 lesions); against this in a study with clinical OCT assessment of DES restenosis showing TCFAcontaining neointima in 52%. 49 Although direct comparison of data sets must be undertaken with caution due to a substantial difference in study population between clinical OCT studies and human autopsy analysis, there appears to be discordance between the prevalence of neoatherosclerosis found in autopsy cases and that observed in OCT-studies. This reflects concern regarding the potential over-diagnosis of neoatherosclerosis by OCT. Ex vivo correlation of human coronary arteries by OCT/OFDI and histology demonstrated that neoatherosclerosis characterized by foamy macrophage accumulation can be detected by OCT as a thin bright signal with a trailing shadow, which is similar to what has been reported in native coronary arteries ( Figure 8A and  B) . 51, 52 However, the presence of foamy macrophages on the luminal surface as detected by OCT, along with an artefact called 'tangential signal dropout', can mask a TCFA and therefore need to be carefully interpreted. 53 Necrotic core can be detected by OCT as high attenuation signal poor region with poorly defined borders, which may or may not be accompanied by a linear, high backscattering region suggestive of cholesterol crystals and macrophages ( Figure 8A) . 51, 52 However, it should be recognized that signal poor areas in OCT imaging are not exclusively caused by necrotic core. Indeed, we have noted that fibrin accumulation also appears as signal poor region without clear borders, which is mostly observed around stent struts (especially in PES) but is also seen in hypersensitivity reaction characterized by diffuse circumferential inflammation predominantly consisting of T-lymphocytes and eosinophils ( Figure 8C ). 51 Another possible cause of signal poor areas within the neointima on OCT imaging is granulation tissue or organized thrombus consisting of extracellular matrix and angiogenesis with varying degrees of inflammatory cell infiltrate, which is diffusely or focally seen in the deep neointima around stent struts ( Figure 8D) . Moreover, the presence of lipid pool, which is observed in early progressive lesions termed pathologic intimal thickening, can also be detected by OCT as signal poor region with indiscriminant borders that is similar to the necrotic core. 52 Thus, we contend that the complex features of neointimal tissues detected by OCT cannot be fully differentiated (Figure 9A-D) . The limitations of tissue characterization with this technology need to be taken into account in the diagnosis of neoatherosclerosis in clinical studies. Perhaps, combination-imaging modalities may allow a more accurate detection of neoatherosclerosis. While a number of clinical imaging studies have compared the findings of intravascular imaging and histology in the past, there is a paucity of prospectively designed imaging studies applying pre-defined criteria for the distinction of various atherosclerotic plaque morphologies providing comprehensive validation prior to human use. In the absence of such studies, there will always remain a level of uncertainty that will prohibit successful translation of intravascular imaging modalities for the prediction of cardiovascular events.
Clinical perspectives
In view of their demonstrated high efficacy and safety out to 5 years, DES are now dominant devices used in PCI and have been implanted in millions of patients world wide. Nevertheless, the development of accelerated neoatherosclerosis within DES, 20 even with newergeneration DES, 22 raises potential concerns regarding safety and efficacy over the longer term. This may have an important impact on public health and costs related to future treatments. Moreover, although the mechanisms of late stent failure are likely multifactorial, the development of neoatherosclerosis increases with time and A 67-year-old patient presented with stent thrombosis in the RCA 3 years after implantation of a durable polymer drug-eluting stents. Optical coherence tomography imaging after thrombus aspiration revealed generally good healing of the proximal stented segment. The distal stented segment showed moderate concentric restenosis with signal rich region close to the luminal surface accompanied by signal attenuation (obscuring stent struts) (i-k) with evidence of plaque rupture (arrow in j). The most-distal stented segment (i) shows high-grade eccentric restenosis with residual intraluminal thrombus (arrow in i). These appearances indicate that the stent thrombosis was attributed to in-stent plaque rupture from neoatherosclerosis.
therefore the contribution of neoatherosclerosis to late stent failure is likely significant. The factors that predispose individuals to neoatherosclerosis, and their overlap with risk factors for native atherosclerosis, remain poorly defined, and effective treatment strategies to prevent this complication have yet to be established. Future studies are needed to identify patients at risk of developing neoatherosclerosis after stent implantation. Longitudinal follow-up studies employing one or more intravascular imaging methodologies in the presence or absence of disease-modifying approaches such as high dose statin usage are warranted to study the true prevalence and therapeutic approaches to further understand neoatherosclerosis in clinical practice.
In the short-term, improved algorithms and characterization of neoatherosclerosis are of utmost importance as reliable diagnosis of neoatherosclerosis is key to evaluating the effects of any diseasemodifying therapy. If incompetent re-generated endothelium plays a pivotal role in the development of neoatherosclerosis, evaluation of competent strut coverage will also be important. Various methods for molecular imaging, such as combined fluorescence and OCT probe using a double-clad fibre combiner 54 or near-infrared fluorescence imaging with indocyanine green administration, 55 may enable more accurate detection of atherosclerotic lesions within the stented segment, though application for routine clinical usage remains unproven.
Limitations
Optical coherence tomography and histopathology utilize different sampling intervals, where OCT provides a more or less continuous reflection of the arterial morphology, while histopathological crosssections in the current study were taken at 2-3 mm intervals, which introduces potential under-appreciation of the presence and extent of neoatherosclerotic lesions by histology. Nevertheless, very focal lesions with longitudinal dimension of ,2 -3 mm are extremely rare and should have been captured with the currently applied histopathological sampling technique.
Conclusions
Data from autopsy registries and clinical imaging studies suggest that in-stent neoatherosclerosis is a clinically important disease entity in patients undergoing coronary stenting. Evidence to date implicates neoatherosclerosis in both VLST and in-stent restenosis. Moreover, its incidence appears to be accelerated after implantation of firstand second-generation DES in comparison with BMS. In addition, as the prevalence increases with time in both DES and BMS, neoatherosclerosis likely plays an important role in stent failure occurring at longer durations after stent implantation. The introduction of OCT has facilitated detection of neoatherosclerosis in clinical practice. However, tissue morphology within stents is complex and correlation data with histopathology remains small. In our experience, differentiation of neoatherosclerosis from other types of in-stent tissue can be challenging. Description of detailed histopathologic features of neoatherosclerosis in the current review, along with discussion of the limitations of current intravascular imaging technologies, may facilitate better interpretation of acquired imaging data in clinical practice. Further refinement of imaging acquisition and analysis protocols will be required to more accurately characterize neoatherosclerosis, and to permit the investigation of targeted anti-atherosclerotic therapies to prevent neoatherosclerosis-associated late stent failure and to improve patient outcomes.
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